Abstract Understanding hydrological effects of ecological restoration (ER) is fundamental to develop effective measures guiding future ER and to adapt climate change in China's Loess Plateau (LP). Streamflow (Q) is an important indicator of hydrological processes that represents the combined effects of climatic and land surface conditions. Here 14 catchments located in the LP were chosen to explore the Q response to different driving factors during the period 1961-2009 by using elasticity and decomposition methods based on the Budyko framework. Our results show that (1) annual Q exhibited a decreasing trend in all catchments (20.30 $ 21.71 mm yr 22 ), with an average reduction of 20.87 mm yr 22 . The runoff coefficients in flood season and nonflood season were both decreasing between two periods divided by the changing point in annual Q series; (2) the precipitation (P) and potential evapotranspiration (E 0 ) elasticity of Q are 2.75 and 21.75, respectively, indicating that Q is more sensitive to changes in P than that in E 0 ; (3) the two methods consistently demonstrated that, on average, ER (62%) contributing to Q reduction was much larger than that of climate change (38%). In addition, parameter n that entails catchment characteristics in the Budyko framework showed positive correlation with the relative area of ER measures in all catchments (eight of them are statistically significant with p < 0.05). These findings highlight the importance of ER measures on modifying the hydrological partitioning in the region. However, ER actions over the sloping parts of the landscape weakened the impact of those in channels (i.e., check-dams) on Q, especially after the implementation of the Grain-for-Green project in 1999.
Introduction
Globally, effective management of water resources in ecologically vulnerable regions (e.g., arid and semiarid regions) is critical for providing reliable sources of water for food production and ecosystem functioning. Planning for potential future changes in water yield requires a comprehensive understanding of possible climate change and human activities [Donohue et al., 2011] . Meanwhile, by examining how and to what extent a catchment responds to these changes, water resources management administrations can make a trade-off between ecosystems services (e.g., controlling soil erosion versus mitigating water stress), to reduce unnecessary losses by formulating mechanisms to produce the desired ecosystem functionality [Jia et al., 2014] .
The Loess Plateau (hereafter LP) is well known for its high soil erosion rates and heavy sediment loads due to sparse vegetation cover, periodic high intensity rainstorms, and a long agricultural history [Zhang et al., 2008a] . This has made the region ecologically vulnerable and sensitive to climate change . To address this issue, numerous national policies on payments for ecosystem services have been implemented by the Chinese government over the past half-century [J. . These measures are considered to be effective and beneficial for reducing sediment [Ran et al., 2000] , increasing food production [Cao et al., 2009] , enhancing carbon sequestration [Fu et al., 2011] , water provision [McVicar et al., 2007b , and supplying timber [Zhang et al., 2014] . However, it is generally accepted that these ecological restoration (ER) measures, such as check-dams and afforestation, can alter the water balance of a catchment by increasing rainfall interception and actual evapotranspiration (E) [Zhang et al., 2014] . Furthermore, coupled with climate change, streamflow (Q) within the LP presented an obvious downtrend [Mu et al., 2007 ; Q. Liu and Yang, 2010; Liu and McVicar, 2012] and thereby brought negative effects on local ecosystems [Wang et al., 2011a] . This has attracted increasing attention from hydrologists and water resources managers [Zhan et al., 2014; Liang et al., 2015a] . However, most of previous studies were limited to specific catchments/regions or focused on a single factor that result in changes in Q, which precludes a comprehensive understanding of changes in Q in response to multiple factors across the entire LP. Additionally, marked differences in climatic and land surface conditions (i.e., vegetation, soil, and topography) exist between the northern and the southern parts of the LP. It is, therefore, important to explore regional differences of the hydrological processes in response to future climate change and intensified human activities.
Numerous methods have been proposed to distinguish the impacts of climate change and human activities on changes in Q. Conventionally, paired catchments and physically based hydrological models are two commonly used approaches. Most studies from paired catchments stated that annual Q is reduced when associated with afforestation in the LP [McVicar et al., 2007b] . However, the same catchment may change greatly at different stages [Lorup et al., 1998; Haverkamp et al., 2005; Wei and Zhang, 2010] . Hydrological models are often limited due to the fundamental challenges in model calibration and validation, the requirement of high-resolution data sets, and uncertainty in model structures and parameter estimations [W. , Long et al., 2013 . In addition, parameters in these models are assumed to be independent. However, these parameters are interconnected [Dietrich and Perron, 2006] , which tends to reduce the range and variability of model response [Gentine et al., 2012] . In addition, with climate change and intensive ER activities over the LP, hydrological models may be operating outside the envelope of stationarity. The elasticity method initially proposed by Schaake [1990] uses elasticity coefficients to assess the sensitivity of Q to changes in precipitation (P) and then has been improving by many other scholars [Dooge et al., 1999; Sankarasubramanian et al., 2001; Ma et al., 2010] . However, these statistical methods, which estimate the elasticity coefficients based on long-term observational data, lack physical background [Sun et al., 2014] . Afterward, based on the Budyko hypothesis [Budyko, 1948 [Budyko, , 1974 , Roderick and Farquhar [2011] evaluated the impact of changes in P, potential evapotranspiration (E 0 ) and a parameter (n representing catchment characteristics) on Q by applying the equation developed by Choudhury [1999] . Recently, the decomposition method developed by Wang and Hejazi [2011] was used to isolate the relative contribution of climate change and direct anthropogenic modifications on Q. This method, also based on the Budyko hypothesis, presents the interdependence between mean annual E and E 0 for P regime in a watershed [Patterson et al., 2013] . The two methods based on the Budyko hypothesis are explicit in theory and have been widely used in attribution analysis of changes in Q [Liu and McVicar, 2012; Sun et al., 2014; .
In this study, 14 main catchments within the LP were selected to quantify the impacts of climate change and ER measures on Q by using the elasticity method of . The decomposition method [Wang and Hejazi, 2011] was also used to verify the results. The objectives of this study were to (1) analyze changes in ER measures, hydrometeorological variables, and vegetation variable (i.e., leaf area index [LAI] ) in the catchments; (2) investigate potential influencing factors on Budyko model parameter n; (3) obtain the P and E 0 elasticity of Q based on observed hydrometeorological data; and (4) calculate changes in Q attributable to climate change and ER measures, respectively, and to explore the effects of ER measures on Q generation process during the past five decades.
Study Area and Data

Study Area
The Loess Plateau (LP) is located in the middle reaches of the Yellow River basin in North China (Figure 1 ) and is characterized by an arid and semiarid continental monsoon climate [McVicar et al., 2007a] . It accounts for 6.6% of the entire land area of China and sustains 8.5% of the Chinese population [Fu et al., 2011] . Precipitation mainly occurs from June to September, bringing 60-70% of the annual total rainfall in the form of Water Resources Research 10.1002/2014WR016589 high intensity rainstorms. Areas with slopes of 88-358 are the main source areas of soil erosion, accounting for $46% of the whole LP region [L€ u et al., 2012] . Hence, restoring vegetation in these areas will play a positive role in mitigating soil erosion [McVicar et al., 2007b .
Due to the thick and highly erodible loess, unevenly distributed precipitation, relatively high intensity of rainstorms, and intensive human activities, accelerated soil erosion occurs in the study region [Xu, 2011] . To prevent severe soil erosion, the Chinese government has implemented a series of ER measures in the LP since the 1950s [Ran et al., 2000] . In 1999, a large-scale conservation campaign, the Grain-for-Green (GFG) project, was implemented by converting farmland into forest and grassland, mainly in areas where slopes exceed 158 . By the end of 2006, more than 800 key dams have been built to reduce flood peaks and intercept overland flows. Based on the location of sediment trapping, ER measures can be divided into slope measures and channel measures. In the present study, the slope measures mainly include constructing terraces, replanting trees and pastures establishment as these measures are mainly implemented on sloping surfaces, and the channel measures primarily comprise check-dams (i.e., key dams and large-mid dams). These ER measures have significantly altered the land surface and resulted in noticeable changes in the hydrological regime [Mu et al., 2007] . Therefore, there is a great need to assess its effects on water resources.
As hydrological processes reflect the combined effects of climatic and land surface conditions, 14 main catchments located across strong climate and land surface gradients (see Figure 2) , between the Toudaoguai and Tongguan hydrological stations, were selected (Figure 1 ). Approximately 44% of annual Q to the Yellow River basin with an area of 752,444 km 2 is generated from these catchments [McVicar et al., 2007b] .
Details of these catchments and changes in the hydrometeorological variables are shown in Table 1 and Figure 3 , respectively. Based on ecohydrological conditions including precipitation, vegetation, soil, and topography, the study area can be approximately divided into two parts, i.e., the northern parts (NP) and the southern parts (SP) (Figure 2 cn/]. Potential evaporation (E 0 ) was estimated using the Penman method [Penman, 1948] , which has been shown to be the most optimal formula to capture climate change [Donohue et al., 2010a; Liu and McVicar, 2012] . The Angstrom-Prescott formula [Prescott, 1940] was used to convert sunshine hours into energy units to calculate solar radiation [McVicar et al., 2007a] . Semiempirical coefficients a and b in this formula at 10 stations near our study region with radiation observations were provided by W. ; here the mean values for a (0.186) and b (0.556) were used. All the meteorological data were spatially averaged across the study area by the CoKriging interpolation algorithm using ArcGIS software, which takes a digital elevation model (DEM) as an additional input. . The GIMMS AVHRR data set has been shown to be the best suited for trend analysis [Beck et al., 2011; Y. Yang et al., 2014a Y. Yang et al., , 2014b Liang et al., 2015b] . These data sets have the following attributes: 15 day temporal frequencies, 8 km spatial resolution (resampled to 1 km), and a temporal span from 1982 to 2009. The cumulative area of ER measures in 1959 , 1969 , 1979 , 1989 , 1999 was collected from Wang and Fan [2002 and Yao et al. [2011] . The number and timing of check-dams were provided by the Soil and Water Conservation of the Shaanxi Provincial Bureau.
Methods
Budyko Framework
The Budyko framework [Budyko, 1948 [Budyko, , 1974 , which treats the partitioning of P between E and Q as a functional balance between water supply (P) and demand (E 0 ) from the atmosphere, and is an effective tool to investigate the interactions among climate, catchment characteristics, and the hydrologic cycle [Donohue et al., 2007 [Donohue et al., , 2010b Zhou et al., 2015] . It uses physical principles to show that the long-term average E/P is largely controlled by the water-energy balance, which can be described as the long-term average E 0 /P (the dryness index) of a catchment. In a catchment under arid conditions (E 0 /P ! 1), water supply is the limiting factor, while under humid conditions (E 0 /P 1), energy is the limiting factor [Roderick and Farquhar, 2011] .
Several mathematical equations have been developed to represent the Budyko framework [Pike, 1964; Fu, 1981; Zhang et al., 2001] and here the Choudhury equation [Choudhury, 1999] is used.
where n represents catchment characteristics, such as soil properties, slope, vegetation cover, and climate seasonality [H. .
We assume that the change in parameter n is mainly caused by ecological restoration in addition to direct human activities (e.g., water withdrawals and water abstractions). Given P, Q, and E 0 , we estimated parameter n by modeling E (equation (1)) and at the same time minimizing the difference between modeled E and E estimated from the long-term catchment water balance while neglecting changes in soil water storage (equation (2)). a E is obtained from the water balance (equation (2)). 
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We assume that the total Q change (DQ) could simply be divided into the Q change caused by climate change (DQ CC ) and the part caused by ecological restoration (DQ ER ), neglecting water consumption. DQ can be estimated by the average annual Q during period-1 (1961 to the changing point identified by Pettitt's test [Pettitt, 1979] ) minus the average annual Q during period-2 (period-1 end to 2009). We can express this relationship as follows [Destouni et al., 2013] :
This general method can be described by Figure 4 . It assumes that the point (E 0 /P, E/P) will move along the Budyko curve (e.g., from point (E 01 /P 1 , E 1 /P 1 ) to (E 02 /P 2 , E 2 0 /P 2 )) under steady conditions (the value of n remains constant) when the climate changes from period-1 to period-2. This move can be considered as climate-induced changes in Q (only in the absence of rainfall seasonality changes): left (increase in Q) or right (decrease in Q) along the curve. By contrast, changes in Q caused by ecological restoration move vertically (e.g., from point (E 01 /P 1 , E 1 /P 1 ) to (E 01 /P 1 , E 0 1 /P 1 )): below the curve (increase in Q) or above the curve (decrease in Q). However, the actual changes in Q incorporate both climate change and ecological restoration (e.g., from point (E 01 /P 1 , E 1 /P 1 ) to (E 02 /P 2 , E 2 /P 2 )).
Elasticity Method
The climate elasticity model based on the Budyko framework has been widely applied to assess the impact of climate change on hydrology [Sun et al., 2014; Xu et al., 2014] . The concept of climate elasticity was introduced by Schaake [1990] and improved by Sankarasubramanian et al. [2001] and Fu et al. [2007] . It determines the regression relationship between changes in Q and its influencing factors. Here the method was used to determine the elasticity of Q to P and E 0 .
Assuming P and E 0 are independent variables in equation (1), the climate-induced changes in Q can be expressed as follows:
Then, based on the definition of elasticity (e X 5 dQ=Q dX=X ), we can obtain the following form:
where e P and e E0 are the P elasticity and E 0 elasticity of Q, respectively, given as follows:
and e E0 52 1
Thus, the climate-induced changes in Q can be calculated as follows: Figure 4 . The changing of Q caused by climate change moves along the Budyko curve line, from point (E 01 /P 1 , E 1 /P 1 ) to (E 02 /P 2 , E 2 0 /P 2 ). Changes in Q caused by ecological restoration moves vertically, from point (E 01 /P 1 , E 1 /P 1 ) to (E 01 /P 1 , E 0 1 /P 1 ). Point (E 01 /P 1 , E 1 /P 1 ) moving to (E 02 /P 2 , E 2 /P 2 ) indicates that changes in Q are influenced by both climate change and ecological restoration. (1) indicates that climate change or ecological restoration increase Q and (2) indicates that climate change or ecological restoration decrease Q (this figure refers to Patterson et al. [2013] ).
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where Q, P, and E 0 are the long-term mean annual Q, P, and E 0 , respectively.
Then, changes in Q caused by ecological restoration can be shown as follows:
Decomposition Method
The decomposition method proposed by Wang and Hejazi [2011] can also be illustrated in Figure 4 . Neglecting intraannual precipitation variability, the ER contribution to changes in Q can be calculated by [Patterson et al., 2013] :
where P 2 is the mean annual P during period-2 and E 0 2 is the mean annual E, which can be calculated by equation (1) using the average annual P and E 0 during period-2 and parameter n during period-1. E 2 can be calculated by equation (2). Then, the climate-induced changes in Q can be calculated as follows:
Trajectories Analysis in the Budyko Framework
The trajectories in the Budyko framework are characterized by the shift direction and change magnitude between the two periods ( Figure 5 ). The shift direction indicates the degree of relative changes in P, E 0 , and E, and the change magnitude is an indicator for ecosystem sensitivity to changes in climate and land use [Velde et al., 2014] . The shift direction can be calculated as follows:
And the change magnitude can be calculated by the equation:
where subscripts 1 and 2 represent period-1 and period-2, respectively.
Results
Ecological Restoration Measures in the Loess Plateau
The implementation of ER measures, including constructing terraces and check-dams, replanting trees, and pastures establishment, started in the 1950s (Table 2) . Overall, the total treated area increased from 1% to 44% for the average of 14 catchments from 1959 through 2006. Trees and pastures occupied the largest percentage of the ER measures followed by terraces and check-dams.
Changes in the two different types of ER measures (i.e., slope measures and channel measures) showed different patterns during the study period (Figures 6 and 7) . The reserved number of check-dams (especially large-mid dams) peaked in the 1960s and 1970s, whereas this increasing trend was reversed since the 1980s ( Figure 6 ). During recent decades, a host of key dams were built in some catchments, such as Kuye, Tuwei, and Beiluo. By contrast, slope measures in most of the catchments have been growing during the entire study period, especially after the 1990s. Nevertheless, slope measures only accounted for a small percentage of catchment areas before the 1990s. Further evidence could be found in the long-term change trends in LAI using the Mann-Kendall (M-K) [Mann, 1945; Kendall, 1975] 
Changes in Hydrometeorological Variables and Vegetation
As shown in The changing points of annual Q identified by Pettitt' test [Pettitt, 1979] occurred between 1971 and 1996 at the 5% significance level in all catchments except for the Qingjian catchment (Table 4) . To analyze changes in Q, the mean value and coefficient of variation (C.V.) of annual Q during period-1 and period-2 Figure 6 . Number of reserved key dams and large-mid dams, and areas of slope measures in eight catchments for each decade during the 1950s to 2000s (data for the remaining catchments are not available).
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were calculated (Table 4 ). In addition, the runoff coefficients (Q/P) in the flood season (FR C ) and nonflood season (NFR C ) were compared between the two periods. Results show that the mean FR C , NFR C , and annual Q of all catchments decreased. The relative change rate of mean Q varied from 223.84% (Beiluo) to 268.71% (Kuye), indicating a large reduction in annual Q. The C.V. of annual Q increased in 11 catchments and decreased in the remaining ones. Generally, the reductions in annual Q in the NP (52.35%) were more dramatic than those in the SP (41.49%).
Catchment Characteristic Parameter n and Trajectories Analysis in the Budyko Framework
Using long-term mean annual Q, P, and E 0 data, parameter n was estimated over the study period (Table 1) . The values of n range from 1.23 (Tuwei) to 2.94 (Fenhe) with an average of 2.00. Higher n was found in the southern part of the LP (i.e., 2.35) compared with that in the North (i.e., 1.54). A higher n indicates a higher E and a lower Q for a given P and E 0 . but Weihe catchment has a higher Q, which could be attributed to a lower n (Table 1) .
In order to explore potential influencing factors that affect catchment characteristics, we analyzed the relationship between changes in ER measures (represented by the total measures area relative to the catchment area) and that in parameter n. In general, parameter n was positively correlated with the percentage of affected area (%) in all catchments (Figure 8 ). However, in 3 out of the 14 catchments (i.e., Beiluo, Jinghe, and Fenhe), this positive relationship was not significant. Moreover, we calculated the sum capacity of large-mid dams and key dams, and examined which measure (i.e., slope measures and channel measures) has exercised a higher effect on parameter n. Parameter n was found to have a stronger relationship with the slope measures (supporting information Figure S1 ) with R 2 ranging from 0.47 to 0.93 over the eight catchments, but no significant correlation was found against the channel measures. Five catchments revealed positive correlation at the 5% significance level.
From period-1 to period-2, 13 catchments moved rightward along their respective Budyko curves (Figure 9 ), with the shift direction (h) ranging 4.868-42.798 and change magnitude (b) ranging 0.042-0.293 (Table 5 ), indicating that the climate was becoming drier (increase in E 0 /P). Thus, DQ CC was negative because an increase in E/P translates into a decrease in Q. It was noted that the Huangfu catchment moved a slight leftward along the Budyko curve. This could be explained by that the decrease in E 0 was greater than the decrease in P (Table 3) . Furthermore, all the catchments moved a large magnitude along the vertical direction, suggesting that DQ ER was negative and more water became actual evapotranspiration. In general, climate change has resulted in a reduction in Q in nearly all catchments and this reduction was further amplified by ecological restoration in the region.
Climate Elasticity and Quantitative Attribution of Decreased Q
The climate elasticity of Q has less dependence on climatic conditions when climate is drier (larger E 0 /P) ( Figure 10 ). By contrast, parameter n has less impact on the climate elasticity of Q when climate is extremely wet (extremely low E 0 /P). In addition, we found that the climate elasticity (e P and e E0 ) decreased with increasing dryness index, which is in line with Xu et al. [2014] . This result is expected as the Budyko curve is more flat in arid areas. 
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The mean e P (ranging from 1.97 to 3.70) and e E0 (ranging from 22.70 to 20.97) for the 14 catchments were 2.75 and 21.75, which means that a 10% increase in P (or E 0 ) would increase Q by 27.5% (or decrease Q by 17.5%). As predicted, changes in Q are more sensitive to P than that in E 0 in water-limited catchments (Figure 10) . Mean e P and e E0 are 2.30 and 21.31 in the NP, and 3.08 and 22.09 in the SP, respectively. This finding implies that changes in Q are more sensitive to climate change in the SP than that in the NP.
The relative contributions of climate change and ecological restoration to changes in Q were quantified using two Budyko-based methods (i.e., the elasticity and decomposition method) (Figure 11 ). In general, similar results from the two methods showed that, on average, ecological restoration (62%) contributes more than climate change (38%) to the reduction in Q. According to the relative contributions, the 14 catchments could be divided into two categories: (1) in 10 catchments (Huangfu, Gushan, Kuye, Tuwei, Jialu, Wuding, Dali, Weihe, Fenhe, and Xinshui), ecological restoration (>60%) was identified as the primary factor leading to the negative trends in Q and (2) in 4 catchments (Qingjian, Yanhe, Beiluo, and Jinghe), climate change (>50%) was found to be the primary influencing factor for decreased Q. The contributions of ecological restoration (78%) were larger than those of climate change (22%) in the NP, whereas in the SP, the effects of climate change and ecological restoration were almost equal (49% versus 51%). is ((mean Q period 2) 2 (mean Q period 1))/mean Q period 1, expressed as a percentage. *, **, and *** indicate the 5%, 1%, and 0.1% significance levels, respectively; ns indicates that the significance level exceeds 5%.
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As we can see from Figure 1 , smaller catchments in the NP are in an area with highly variable precipitation and fewest precipitation gages. In order to quantify the potential effects of low precipitation observation density on Q partitioning, we randomly selected 80% and 90% of the original precipitation stations for three times, respectively, and redid the calculation. Results show that the differences between these treatments are small (supporting information Figures S2 and S3 ), which further reinforces our finding that ecological restoration is the major cause of Q reductions in the region. Similar results were obtained by Li et al. [2007] , Liu and McVicar [2012] , and Zhao et al. [2014] , who concluded that ER measures were the dominant factors responsible for the significantly decreased Q in the LP.
The Budyko curve is nonlinear with respect to changes in P, E 0 , and E, which reflects the nonlinear response of ecosystems to changes in water and/or energy availability [Velde et al., 2014] . Therefore, the magnitude of change precludes comparison among the catchments. However, the relationship between the shift direction and ecological restoration contribution was found to be good, with R 2 5 0.88 and p < 0.0001 ( Figure   12 ). This result agrees well with the theoretical expectations.
Discussion
5.1. Impacts of Climate Change and Ecological Restoration on Q 5.1.1. Relationships Between Changes in Q, Climate Change, and Ecological Restoration P and E 0 , representing available water and energy, respectively, are two key climate variables that influence the hydrological processes [Budyko, 1974; Roderick and Farquhar, 2011; . Parameter n, Figure 9 . Trajectories from period-1 (period before the change point) to period-2 (period after the change point) in the Budyko framework. The red and blue colors indicate period-1 and period-2, respectively. Circles and rectangles indicate the northern and southern catchments, respectively. The catchment number is provided in Table 1 . reflecting the catchment characteristics that are largely influenced by ER measures in the LP, can also affect the flow regime. Obviously, a highly nonlinear relationship among Q, climate change, and the parameter n is shown in the Budyko framework.
Climatologically, all catchments in this study are water limited (see Figure 10) ; thus, the water supply (mainly precipitation) is the primary climatic factor influencing Q. However, only slight and unobvious changes were observed in the annual P in most catchments during 1961-2009 (Table 3 ). In contrast, Q and LAI showed much more obvious changes. Additionally, we also found that FR C and NFR C decreased over 11 catchments from period-1 to period-2. Therefore, we speculate that large-scale ER measures appear to be an important reason for reductions in Q on the LP. Similar findings have been reported previously [H. B. Zhang et al., 2008; Liu and McVicar, 2012] . However, there are still some uncertainties in the attribution analysis for detecting Q reduction. Here we simply attributed ecological restoration to human activities, which would overestimate the impact of local human activities on changes in Q. A more recent study by H. stated that when the climate elasticity was estimated as a first-order approximation (the firstorder Taylor expansion), there exists a potential error. Figure 10 . Relationship between the elasticity of streamflow and the dryness index under different parameter n, marked by the lines. e P and e E0 are represented by circles and rectangles, respectively. The northern and southern catchments are represented by red and blue color, respectively. The catchment number is provided in Table 1 . Figure 11 . Contributions of climate change or ecological restoration from period-1 to period-2 to changes in Q using the (left) elasticity method and (right) decomposition method for 14 catchments.
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In addition, the two Budyko-based methods both use the hypothesis that influences from climate change and ecological restoration are independent. However, the underlying mechanism may be more complex due to the interactions among climate, vegetation , soil moisture conditions [Dooge et al., 1999] , and hydrological processes at different spatiotemporal scales in different catchments [Yang and Liu, 2011] . For example, the growth of vegetation and net primary production (NPP) are affected by water availability and climatic conditions [Boulain et al., 2006; Liang et al., 2015b; Y. Yang et al., 2014b] , which at the same time influences soil moisture through canopy interception and evapotranspiration [Eagleson, 2002] . Therefore, the complex interactions are still needed to study in the future.
Here the Q response to climate change and ecological restoration only focuses on the long-term mean annual Q according to the simple watershed balance model and the Budyko hypothesis. However, when a large amount of Q is generated during the monsoon season, catchments are equitant, straddling the water-limit and the energy-limit between storm events, and this may impact the Q generation process . Seasonality in precipitation can shift the E/P ratio-more seasonal climates shift this ratio downward for a given E 0 . In order to investigate this climatic effect, we tested the trends in proportion of each month precipitation in annual precipitation by performing the Mann-Kendall test (supporting information Figure S4 ). Results show that this proportion in most catchments presents nonsignificant trend, and some catchments showing significant trends (p < 0.05) also have less impact on the result of Q partitioning. Nonetheless, attempts to incorporate more climate change (e.g., precipitation intensity) at shorter temporal scales (e.g., annual or monthly scales) should still be performed in the future, thereby providing a greater understanding of the interactions between environmental change and Q, and improving the accuracy of the Budyko framework [Gerrits et al., 2009; Donohue et al., 2012] .
As previously stated, Q is more sensitive to climate change in the SP compared with that in the NP. For relatively dry region such as the NP (P < 440 mm yr 21 ), more rainfall was required to increase the wetness of soil water before a detectable yield change would be observed [Wang et al., 2009; . By contrast, the SP has a relatively better vegetation cover (LAI > 0.45 m 2 /m 2 yr 21 ), steeper topography (mean slope 11.68), finer clay-rich soils (loessal and heilu soil), and higher precipitation amount, all of which allow a larger Q to be generated in the area.
Catchment Characteristics Parameter n and Its Potential Influence Factors
Several reasons can lead to changes in catchment characteristics, such as ecological restoration and surface water consumption, whose influences will finally be reflected by parameter n (some studies use parameter x [Fu, 1981] and c ). Parameter n in the Budyko curve entails the land surface properties and modifies the hydrological partitioning [Li et al., 2013] . Previous studies suggested that this parameter is mainly related to vegetation, topography, and properties of soil Donohue et al., 2012] . In other words, hydrological processes still vary greatly due to changes in these factors despite the same climatic conditions.
Given the large-scale ER measures implemented in the LP, we investigated whether there existed some relationships between ER measures and parameter n. Results show that changes in parameter n could be explained well by the affected area at most of catchments (Figure 8 ). Furthermore, it can be seen the relatively rapid increase in n occurred from the 1990s to 2000s (Figure 8 ). This is because the GFG project increased surface vegetation cover and consequently resulted in enhanced water consumption and Figure 12 . Relationship between the shift direction within the Budyko framework and the contribution of ecological restoration to Q reduction. The catchment number is provided in Table 1 .
Water Resources Research
10.1002/2014WR016589
increased n values. This result suggests that anthropogenic interventions applied to the study area have changed the catchment characteristics and resulted in unprecedented impacts on the regional hydrological processes [Liu and McVicar, 2012] . In fact, there are complex relationships between anthropogenic activities and catchment characteristics; ER measures are just one of the components. In addition to these ER measures, there are some other intensive human activities, such as urbanization and extensive infrastructure construction (e.g., roads), occurred during the past 30 years. For example, the percentage of urban land in the Northern Shaanxi Loess Plateau was 0.005% in 1975, while this value became 0.16% in 2006 (i.e., 30 times larger than that in the former period) [Liu et al., 2009] . This intensified urbanization would have also resulted in changes in catchment characteristics by increasing impervious areas and consequently led to increases in Q and decreases in infiltration. Furthermore, these human activities act in different directions and the effect of one can be partly offset by that of another [Xu, 2012] .
The catchment characteristics parameter n needs to be determined before the Budyko equation can be used. However, this parameter was not easily estimated from ungauged catchments, highlighting the need for an alternative parameterization scheme of n by using other independent data. Many studies have investigated the role of vegetation in the Budyko framework [Donohue et al., 2010b] . Yang et al. [2008b] found that parameter n shows a good correlation with LAI at the 10 day time scale. Shao et al.
[2012] used a multivariate adaptive regression spline model to estimate the model parameter and observed a large impact from forest coverage on x. By combining Choudhury's formulation of the Budyko model with the Porporato's ecohydrological model [Porporato et al., 2004] , Donohue et al. [2012] developed the Budyko-Choudhury-Porporato (BCP) model. This model allows Choudhury's parameter n to be estimated for both gauged and ungauged catchments. Recently, Xu et al. [2013] used a neural network (NN) model to calculate x, enhancing the capability of the Budyko framework to assess water availability at global scales using readily available data. Li et al. [2013] developed a simple parameterization for parameter x based solely on remotely sensed vegetation information. Subsequently, based on the approximately linearized relationship between the parameter and vegetation cover, this method was conducted to assess the trend in wetting and drying over land across the globe [Greve et al., 2014] . Our finding here reveals that changes in parameter n could be captured by the relative area of the ER measures in the 14 catchments in the LP. The result could provide a new idea to assess empirical parameters and facilitate a wider application of the Budyko framework in investigating the interactions between the climate, vegetation, hydrologic cycle, and human activities.
Impacts of Ecological Restoration on Hydrological Processes
Since ecological restoration was recognized as the primary factor leading to the negative Q trend, it is crucial to obtain more information about how ecological restoration affects water resources and hydrological processes. Our result showed that FR C and NFR C were both decreased, which is consistent with the findings of Li et al. [2007] and Zhao et al. [2014] by using the flow-duration curve (FDC). There are several reasons for this. Once the land is terraced, the slope of cultivated land becomes more gentle, which enhances precipitation infiltration [Xu, 2011] . In addition, increased vegetation cover allows more precipitation to be intercepted by the vegetation canopy, and those intercepted water will quickly return to the atmosphere through evaporation [Xu, 2011; . At the same time, vegetation transpiration also consumes substantial precipitation. Therefore, the effective precipitation for streamflow generation decreases. Thick litter layers under trees also favor precipitation infiltration. However, due to the thick loess deposits to the LP [Zhang et al., 2008a] , only a small proportion of infiltrated rainfall can recharge groundwater, and the remainder is dissipated to the atmosphere through evapotranspiration during dry seasons [Huang et al., 2003; Xu, 2011] . Meanwhile, excessive use of the limited soil water by plant root uptake can lead to the formation of dried soil layers [Wang et al., 2011b] , which slows the infiltration process. After interception and dissipation by various slope measures, the final water entering the channels is also evaporated from water surface. Thus, the infiltrated water that recharges groundwater becomes more limited.
On the other hand, significant reductions in the water yield enhanced local soil conservation and carbon sequestration services [L€ u et al., 2012] . For example, a large amount of sediment have been trapped behind check-dams, and 320,000 ha of dam croplands were created by 2002 [Wang et al., 2011a] . However, it is still unclear whether these changes are positive or negative over certain spatiotemporal scales. With the warming and drying climate trend in the LP (Figure 9 ) and the intensification of human intervention on the land surface (slope measures and channel measures), the sediment and water discharging to the downstream Yellow River are expected to further decrease. These sediment and water changes can pose socioecological risks for the lower regions, such as drought, ecological degradation in riparian and wetland ecosystems, and also rapidly increasing the river-bed elevation of the Yellow River on the North China Plain due to high amounts of sediment yield and reduced water yields [McVicar et al., 2007b] .
Due to the positive effects of storing water and weakening the capacity of sediment transport , the construction of check-dams was encouraged since the 1950s (Figure 6 ). Slope measures during this period (1950s to 1990s) exerted a limited effect on Q due to the low survival rate of vegetation (i.e., trees and pastures), which can be related to inappropriate afforestation areas and vegetation types for local environmental conditions [Cao, 2008; McVicar et al., 2010] . Additionally, terraces were widely used for crop production during this period [Zhang et al., 2014] . Thus, channel measures, especially large-mid dams built during the 1960s to 1970s, contributed to the decreased Q before the 1990s.
After 2000, the GFG project achieved initial success through natural vegetation restoration , and vegetation coverage has increased significantly in the LP (Figure 7c ). In contrast, the number of reserved check-dams decreased since the 1980s as many dams gradually became ineffective or were even destroyed by the frequently occurring floods, and some small ones were limited to a lifetime of $10 years [Xu, 2004] , thereby having relatively less impact on Q reduction. Consequently, slope measures have gradually become the dominant factor of the decreased Q, which is consistent with previous work. For example, Xu and Niu [2000] found that reforestation and planting pastures could reduce surface Q by 30.8-75.1% and 17.2-58.9%, respectively. Huang et al. [2003] indicated that the greatest decrease in Q typically takes place approximately 15 years after afforestation in the LP. S. concluded that the terraces during the GFG project have made the cropland as a sink of streamflow and sediment.
According to the National Development and Reform Commission et al. [2010] , the number of check-dams is expected to reach a number of 56,161 (key dams 10,223, large-mid dams 45,938) during the period 2010-2030 in this region. A policy maker supporting these channel measures should consider that slope measures and measures implemented at the ''break-of-slope'' would greatly reduce the water that enters the channels. This would greatly reduce the value of channel measures; costs of building them are much more than that of slope measures.
Conclusion
In this study, we used two methods (the elasticity and decomposition model) based on the Budyko framework to examine the relative contribution of climate change and ecological restoration (ER) to changes in annual Q in 14 main catchments in China's Loess Plateau (LP). The two methods consistently show that, on average, ER measures have been playing a dominant role (68%) in the reduction of Q, whereas the effect of climate change was found to be minor (32%). The influence of ER measures on Q was even higher in the northern part of the LP (78%), whereas Q in the southern part of the LP showed higher sensitivity to changes in climatic conditions. Implication of ER measures has greatly modified land surface conditions, which consequently altered the hydrological partitioning in the region. We found that Budyko parameter n, which entails catchment characteristics, shows positive correlation with the relative area of ER measures in all catchments (with eight of them showing significant correlation at a confidence level of 95%), highlighting the importance of human activities in modifying the local hydrological regime. In addition, it also provides an effective way for parameterizing the Budyko model in such highly human-intervened regions.
Despite the direct result of the changing hydrological cycle, it is still unclear whether the effect of ER measures on the overall ecosystem services is positive or negative. Understanding this issue requires a better scientific knowledge of the hydrological, geomorphological, ecological, socioeconomic changes, and their interactions from local to watershed scales. Furthermore, the synergies and tradeoffs among various ecosystem services, along with the changes in water and sediment across spatiotemporal scales, need to be quantified as a concrete basis for policy interventions toward watershed sustainability. 
